end with two major processes that project away from of neurons (Ito et al., 1997; Lee et al., 1999) . ␥ neurons, which are generated prior to the mid-3 rd instar stage, each other at a right angle (Strausfeld, 1976; project axons into the ␥ lobe at the adult stage; ␣'/␤' al., 1999). The two processes extending from individual neurons, which are generated in late 3 rd instar, have axons are morphologically indistinguishable until the bifurcated axons that form the ␣' and ␤' lobes; and ␣/␤ neuron matures and the axonal processes acquire disneurons, which are generated after puparium formation tinct secondary branching patterns .
(PF), project their bifurcated axonal branches into the Examination of axonal morphogenesis in young MB neu-␣ and ␤ lobes (Lee et al., 1999; Figure 1A ). In an ongoing rons further reveals that extension of these major axonal genetic mosaic screen (see Experimental Procedures), branches is relatively synchronized (our unpublished obwe identified a novel lethal mutation, l(2R)MB99, that servation). All of these observations support that bifurcauses various defects in the guidance of bifurcated cation of MB axons is probably a result of growth cone ␣/␤ axons. splitting. Given that four neuroblasts simultaneously When subsets of cells within wild-type MB Nb clones generate MB neurons during development (Truman and are selectively marked using GAL4-201Y (Yang et al., Bate, 1988; Ito and Hotta, 1992), selective fasciculation 1995), all labeled axons extend either into the ␥ lobe or of only one branch from every neuron without error could the ␣ and ␤ lobes; the ␣ lobe extends dorsally while be quite challenging. For instance, simple repulsion or the ␥ and ␤ lobes extend medially toward the midline competition mechanisms would not allow more than (Figures 2A-2C ). Only a small number of the late pupalone growth cone to extend along the same path, which born ␣/␤ neurons are marked, so the ␣ and ␤ lobes would make it impossible to segregate four sets of sister appear very thin and faint as compared with the ␥ lobe branches into just two fascicles simultaneously.
( Figure 1B ). In addition, these labeled axons occupy the To facilitate mosaic analysis in the complex CNS, we center of the ␣ and ␤ lobes ( Figure 2C ). These GAL4-have developed a novel genetic mosaic system, called 1D ). Being much reviews, see Lee and Luo, 2001 ). Interestingly, from a thicker and denser than in wild-type clones, the core genetic mosaic screen designed for identifying novel ␣/␤ lobes seem to be composed of many more axons mutations that cause specific defects in the developin the l(2R)MB99 mutant clones ( Figure 1C , compared ment of MB neurons, we found a lethal mutation that with Figure 1B) . But, unlike wild-type ␣/␤ axons, most specifically hinders the formation of bifurcated axon mutant core ␣/␤ processes appear to fail to reach the bundles. If the mutant clone is created before the birth ends of the ␣/␤ lobes ( Figures 1C and 1D ). Because no of neurons that normally project two perpendicular faschange in the number of cell bodies can be detected cicles, these neurons will instead extend their axons in (about 30 GAL4-201Y-positive ␣/␤ neurons in each Nb only one of the two original directions. We also find that clone), the morphological changes observed in mutant one mutant neuroblast clone in the whole MB can alter core ␣/␤ bundles imply that individual ␣/␤ axons acquire the projections of the other three wild-type clonal units. supernumerary but short-ending branches in mutant Phenotypic analysis of single neurons further reveals clones. In addition, dramatic changes in the configurathat mutant axons give rise to additional branches at the tion of the ␣/␤ lobes are observed in 38% of mutant Nb bifurcation point and that the branches are distributed clones ( Figures 1D, 2D , and 2G). Instead of bifurcating randomly among the accessible pathways. When only axons at a right angle, these mutant clones project all one path exists, wild-type neurons project a single proof their ␣/␤ axons in only one direction, either dorsally or cess along the path while mutant neurons generate mulmedially. Interestingly, these uni-directionally extending tiple branches. In addition, defects in axon extension mutant processes can exist as two distinct bundles runare observed in certain mutant MB neurons. Mapping ning side by side ( Figure 2D ), or can be fasciculated into by recombination and complementation reveals this ina single bundle ( Figures 1D and 2G ). Another phenotype teresting lethal mutation as an allele of the Drosophila that suggests defects in the divergent segregation of Dscam gene (Schmucker et al., 2000), suggesting a ␣/␤ axonal branches is detected in about 20% of mutant novel molecular mechanism for mediating formation and Nb clones, where differences in the thickness of the guidance of axonal branches.
axon bundles exist between the dorsal and medial fascicles (data not shown, similar to Figure 3G ). These comResults plicated, wide-ranging abnormalities underscore the importance of the phenotypic analysis of individual axons Identification of a Novel Dscam Mutation that (see below).
Disrupts Formation of the MB ␣ and ␤ Lobes
In order to identify the mutation responsible for these The MBs are paired structures, one in each brain lobe;
interesting axon guidance defects, we first mapped one and one MB is derived from four neuroblasts (Nbs), each lethal mutation in the l(2R)MB99 line to the 43 cytogenetic locus by recombination (see Experimental Proceof which generates a similar set of three distinct types 3E and 3F; n ϭ 22) . Therefore, similar phenotypic patterns are observed in all mosaic MBs, as long as mitotic recombination is induced before the establishment of ␣'/␤' projections. In contrast, when mutant clones were created after the birth of ␣'/␤' neurons, no non-cellautonomous effects on the organization of the ␣/␤ lobes could be detected ( Figure 3H ). When clones were induced at the late 3 rd instar stage, the ␣ lobe projected dorsally while the ␤ lobe projected medially toward the midline in all examined mosaic MBs (n ϭ 68). However, despite the presence of both ␣ and ␤ lobe targets, mutant core ␣/␤ processes were unevenly distributed between the ␣ and ␤ lobes in about 30% of clones ( Figures  3G and 3H ). Taken together, these results are consistent with the idea that the first several ␣'/␤' neurons serve as pioneer neurons that determine the configuration of MB lobes, which then influence the projections of laterborn neurons regardless of their genotypes. In addition, abnormal segregation persisted in the mutant core ␣/␤ axons despite lack of non-cell-autonomous defects (Figures 3G and 3H) , confirming Dscam's cell-autonomous functions in the divergent guidance of bifurcated axons.
Single-Cell Clones of Dscam Ϫ/Ϫ Neurons Exhibit Supernumerary Branches that Are Randomly Segregated
To address further the cell-autonomous and stage-spe- 4D , and 4E; 42%, n ϭ 80). These branches ual axon trajectories were abnormal in these wild-type looking Nb clones. In order to examine individual axons appear to be derived through repeated bifurcation at the peduncle end ( Figure 4F ; 100%, n ϭ 10) and project in multicellular Nb clones, we marked only one or two neurons within each Nb clone using a flip-out GAL4 toward the termini of MB lobes. In addition, these extra branches still acquire their cell type-specific morphologin the MARCM system (see Experimental Procedures; Figure 5A ). We also labeled the MB lobes using the 1D4 ical features, and mutant ␣/␤ axons are never incorporated into the ␣', ␤', or ␥ lobes, suggesting no cell fate mAb, which allowed us to examine the configuration of ␣/␤ lobes along with the single axons. change in Dscam mutant neurons. However, individual neurons sometimes fail to send processes into both Irrespective of the lobe configuration, all of the mutant ␣/␤ axons, when examined as isolated single axons in dorsal and medial lobes ( Figure 4C ; 36%, n ϭ 80). Such guidance defects seem to result from random distribuNb clones, yield multiple branches that extend randomly into the accessible lobes. Although the mutant ␣/␤ axtion of mutant branches among the accessible lobes. In addition, extension of axonal branches is defective in ons make two indistinguishable lobes in most of the Nb clones, their individual axons frequently send most or most Dscam mutant ␣/␤ neurons that are generated within one day before eclosion (Figure 4D ; 57%, n ϭ even all of their supernumerary branches into only one We examined single wild-type ␣/␤ axons in the mosaic of Elliposid Body Neurons To check whether Dscam is widely involved in formation MBs containing mutant Nb clones. In contrast with Dscam mutant ␣/␤ axons that acquire diverse branching and guidance of axonal branches, we then examined non-MB MARCM clones using one of our enhancer-trap and projecting patterns (Figures 4B-4E) , individual wildtype axons project in a predictable pattern that is consis-GAL4 lines that labels a subset of ellipsoid body (EB) neurons. The EB is one of the four neuropils of the tent with the ␣/␤ lobe configuration. As expected, wildtype ␣/␤ axons undergo bifurcation and send one central complex, which lays at the junction of the two brain lobes. Using this EB GAL4 line in the MARCM branch into each lobe when there are two distinct lobes (Figures 6B and 6D ; n Ͼ 10). When only one lobe remains, system, we have identified two types of neurons that are distinguished based on their axon arborization patterns. we observe that the wild-type ␣/␤ axons extend without bifurcation (Figures 6C and 6E; n Ͼ 10) . These results Some axons establish circular trajectories and form repeated discrete arbors inward along the entire circle indicate that wild-type ␣/␤ axons undergo minimal Figures 7C and 7D ). It appears that Dscam mutant segregation of sister branches and suppression of ectopic bifurcation. These two activities could occur via axons generate supernumerary branches that tangle together as they attempt to arborize. This is consistent a common mechanism or through two independent signaling events. Alternatively, the role of Dscam in diverwith Dscam's essential role in mediating divergent segregation of sister branches and suppression of ectopic gent segregation of sister branches could be a secondary consequence of its suppression of axon bifurcation, bifurcation in mushroom body neurons. or vice versa. We favor the idea that Dscam directly controls both formation and segregation of axonal . If the Dscam pathway is widely used to mediate various growth cone behaviors, it is expected after futile cycles of splitting followed by collapse. This mechanism can explain why bifurcation is understandable that numerous Dscam isoforms would be needed to confer diverse activation patterns in differsuppressed in wild-type axons when only one trajectory is left (Figures 6C and 6E 
